Isocitrate lyase (ICL; EC 4.1.3.1) catalyzes the cleavage of isocitrate to glyoxylate and succinate in the glyoxylate cycle, and is known to play an important role in the acetate and fatty acid metabolism of microorganisms and plants. 1) In addition, isocitrate is the substrate not only for ICL but also for isocitrate dehydrogenase (IDH), which catalyzes its oxidative decarboxylation to -ketoglutarate and CO 2 coupled with the reduction of NAD (P) þ in the TCA cycle. Thus, ICL is involved in the flux of isocitrate between these two metabolic pathways. It has been studied in many bacteria, and high ICL activity was reported to be observed when Escherichia coli and Azotobacter agile were grown with fatty acids or acetate as carbon source. 2, 3) In E. coli, the ICL gene forms an operon together with two genes encoding malate synthase, another enzyme of the glyoxylate cycle, and IDHspecific kinase/phosphatase involved in the regulation of IDH activity and the regulatory mechanism of gene expression in this operon have also been studied. 1, 4) Watanabe et al. reported that the purified ICL of a psychrophlic marine bacterium, Colwellia maris, is a cold-adapted enzyme with high activity at low temperatures and marked thermolability, and they cloned and sequenced its ICL gene. 5, 6) In the deduced amino acid sequence, several short insertions of 3-36 amino acids are present, but they are not present in that of E. coli. Such insertions have also been found in the determined and deduced sequences of several bacterial ICLs. Phylogenetic analysis of ICL proteins based on these data have revealed that the enzyme is to be categorized into eukaryotic (subfamily 2), archaeal, and two eubacterial subfamilies with or without unique short additional sequences (subfamilies 3 and 1, respectively), such as the ICLs of C. maris and E. coli. 7) Studies of subfamily 3 ICLs have been limited, and several enzymatic characteristics have been reported only for C. maris, Colwellia psychrerythraea, Acinetobacter calcoaceticus, and Capriavidus nector. [8] [9] [10] [11] A mesophilic bacterium, Azotobacter vinelandii, is known to be capable of nitrogen fixing, and the ratio of oxygen and nitrogen was found to be closely involved in the nitrogen-fixing level and growth of this bacterium. 12) Several properties of A. vinelandii ICL (AvICL) have been studied with a cell-free extract, 13) but the properties of the purified enzyme have not been reported, and the gene encoding the ICL has not been cloned. Based on a draft genome sequence of A. vinelandii strain AvOP, subfamily 3 ICL was expected to be present in this bacterium. Hence, to characterize subfamily 3 ICLs further, we cloned the ICL gene of A. vinelandii strain IAM1078 and examined the gene expression and the several properties of the purified enzyme. Furthermore, based on a comparison of amino acid sequences with cold-adapted ICLs from C. maris and C. psychrerythraea, which belong to the same y To whom correspondence should be addressed. Tel/Fax: +81-11-706-2742; E-mail: ytaka@sci.hokudai.ac.jp Abbreviations: ICL, isocitrate lyase; ORF, open reading frame; PCR, polymerase chain reaction; PAGE, polyacrylamide gel electrophoresis subfamily as AvICL, the effects of the replaced amino acid residues on the thermal properties of the enzyme were investigated.
Materials and Methods
Bacteria, plasmids, and culture conditions. Unless otherwise stated, Azotobacter vinelandii strain IAM1078 was cultured at 30 C with vigorous shaking in Burk's nitrogen-free medium (20 12) containing 1% sodium acetate instead of 1% sucrose as carbon source. Escherichia coli XL-1 Blue (Stratagene, La Jolla, CA) was used for the propagation of plasmids and the production of His-tagged recombinant ICL proteins from expression vectors. An E. coli mutant defective in ICL, strain ACA421, 6) and its parent strain, KM22 (a ÁrecBCD mutant), 15) were used in the experiments on the expression of the A. vinelandii ICL gene. E. coli strains XL-1 Blue, strain KM22, and strain ACA421 were cultured at 25 or 37 C, at 37 C, and at 25 C in Luria-Bertani medium 16) respectively. Plasmids pBluescript KS(+) (pBS, Stratagene) and pTrcHisB (Invitrogen, Carlsbad, CA) were used as vectors in cloning the ICL gene and in conferring N-terminal (His) 6 -tag on the expressed proteins respectively.
Bacterial growth was estimated by measuring the turbidity of the culture at 600 nm (OD 600 ) with a Shimadzu spectrophotometer UV-180 (Shimadzu, Kyoto, Japan). The growth rate, k, was calculated by the formula,
where x 1 and x 2 are the optical densities at time t 1 and t 2 respectively.
Preparation of cell-free extract. Cell-free extract was prepared as described previously, 5) except that the sonication buffer was composed of 50 mM potassium phosphate, 2 mM MgCl 2 , 0.25 M NaCl, and 1 mM dithiothreitol (pH 7.8), and was stored at À35 C until use. Protein was measured by the method of Bradford 17) using bovine serum albumin as standard.
Enzyme assay. ICL activity was assayed by measuring the increase in absorbance at 324 nm due to the formation of glyoxyl-phenylhydrazone, as described previously. 5) However, since the optimum pH for AvICL activity has been reported to be between 7.6 and 8.0, 13) the assay pH of the activity was changed to 7.8. The reaction was started by the addition of enzyme to the reaction mixture, which was first equilibrated at assay temperature, and ICL activity was calculated from the initial rate of the reaction. One unit of the activity was defined as the amount of enzyme that catalyzes the formation of 1 mmol of glyoxylphenylhydrazone per min.
Western blot analysis. After SDS-PAGE of the purified ICLs and the cell-free extracts on 10% polyacrylamide gels, 18) the proteins were transferred onto a nitrocellulose membrane, Hybond-ECL (Amersham Biosciences, Buckinghamshire, England). Western blot analysis was done with rabbit antibody against the purified ICL of C. maris, as described previously. 6) Cloning of the ICL gene of Azotobacter vinelandii. Chromosomal DNA of A. vinelandii was isolated and purified by a conventional CsCl method. 19) Genomic PCR was done to obtain a probe for genomic Southern and colony hybridizations in the cloning of the ICL gene. Based on the nucleotide sequence of a putative ICL gene found in the genome sequence of A. vinelandii strain AvOP (The Uniport/a draft TrEMBO number is Q4IZD1), the forward primer, Azicl-F (5 0 -ATGTCTGCATATCAAAACGAGATCAAGGC-3 0 ), and the reverse primer, Azicl-R (5 0 -TCAATGGAACTGGTTCATGGTGTTGTCTT-3 0 ), which are the 5 0 -terminal sequence of this ORF and are complementary to its 3 0 -terminal sequence respectively, were synthesized. Amplification was done for 35 cycles in a DNA thermal cycler 2400 (Perkin-Elmer, Foster City, CA) in a reaction mixture (50 mL) containing 0.9 mg of genomic DNA, 100 pmol each of the forward and reverse primers, and 1 U of KOD-plus DNA polymerase (Toyobo, Osaka, Japan) in a buffer system provided by the manufacturer. The cycling conditions were as follows: denaturation at 94 C for 30 s, annealing at 60 C for 30 s, and extension 68 C for 2 min, for each of 35 cycles. The resulting PCR product was confirmed by DNA sequencing.
For genomic Southern hybridization, chromosomal DNA of A. vinelandii digested with restriction enzymes, BanIII or HincII, was separated by 1% agarose gel electrophoresis, and the DNA fragments on the gel were transferred onto a nylon membrane, Hybond-N þ (Amersham Pharmacia Biotech, Buckinghamshire, England). Hybridization was done overnight at 65 C with a probe labeled with [-32 P]dCTP and a random primer labeling kit (Takara, Otsu, Japan). The blotted membrane was washed successively in 2 Â SSC (1 Â SSC is composed of 15 mM sodium citrate pH 7.0 and 0.15 M NaCl) containing 0.1% w/v SDS for 10 min at room temperature, and then twice with 0:1 Â SSC containing 0.1% SDS for 10 min and 20 min at 65 C. Autoradiography was done by exposing the membrane to X-ray film (RX, Fuji Photo Film, Tokyo, Japan) at À80 C. About 2.3 kbp of BanIII fragments hybridized with the probe were cloned into pBS, and the resulting plasmids were transformed into E. coli XL1-Blue. Colony hybridization was then carried out using the same probe as for Southern hybridization. The blotted membranes were washed as described above. The colony with the strongest signal was selected, and the plasmid in this colony, termed pAVicl, was propagated and purified.
The nucleotide sequence of the insert DNA in pAVicl was determined in both directions using BigDye terminator Cycle Sequencing Kit v.1.1 (Applied Biosystems, Foster City, CA) with an ABI PRISM Genetic Analyzer 310, and was analyzed by BLAST search (http://blast.ddbj.nig.ac.jp/top-j.html). The nucleotide sequence of the ICL gene of A. vinelandii strain IAM1078 has been deposited in the DDBJ database under accession no. AB207247.
Northern blot analysis. A. vinelandii grown on various growth media to the late-log phase (0.8 of OD 600 ) was harvested by centrifugation. Preparation of total RNA from these bacterial cells and northern blot analysis were carried out as described previously, 6) except for the following modifications: The approximately 1.6-kbp product of genomic PCR described above was used as a probe, and was labeled with Alkphos Direct Labeling Reagent (Amersham Biosciences). Hybridization was done overnight at 55 C, and the membrane was washed following the manual of the manufacturer.
Construction of an expression vector for His-tagged AvICL and site-directed mutagenesis. Restriction sites for BglII and EcoRI were introduced at the 5 0 -and 3 0 -terminals of the ORF of the A. vinelandii ICL gene respectively by PCR under the same conditions as for genomic PCR, described above, except that 0.24 mg of pAVicl as template DNA and 100 pmol each of Htag-F (5 0 -gcgcagatctATGTCT-GCATATCAAAACG-3 0 ) and Htag-R (5 0 -gcgcgaattcTCAATGGAA-CTGGTTCATG-3 0 ) as primers were used. Small letters indicate additional bases for the introduction of cleavage sites for the restriction enzymes (underlined). The PCR product was digested with BglII and EcoRI and ligated to the BglII-EcoRI site of pTrcHisB to obtain plasmid pHis-AvWT.
Site-directed mutagenesis was carried out by a standard PCR method with the synthetic primers shown in Table 1 , including Azicl-F, AziclR, Htag-F, and Htag-R. PCR was carried out as described above, except that the annealing temperature and time for extension were changed as indicated in Table 1 . The resulting PCR products were ligated into pTrcHisB to obtain plasmids pHisE131A, pHis-S217A, pHisN374D, and pHisI504M. The precise insertion of the AvICL gene into the plasmid vector and the introduced mutations were checked by nucleotide sequencing.
Overexpression and purification of His-tagged ICLs. E. coli XL-1 Blue transformed with pHis-AvWT or the plasmids carrying the mutated ICL gene was grown for 3 h at 37 C on Super broth medium.
7)
After the addition of 1 mM isopropyl--thiogalactopyranoside (IPTG)
to induce the expression of His-tagged ICL proteins, the cultures were further incubated at 25 C until the OD 600 of the culture reached 0.8. As described previously, 7) cell-free extract was prepared, and Histagged ICLs were then purified by Ni-NTA agarose (Qiagen, Hilden, Germany) column chromatography, with the following modifications. Buffer A contained 50 mM sodium phosphate (pH 7.8), 0.25 M NaCl, 2 mM MgCl 2 , 10mM imidazole, and 10 mM 2-mercaptoethanol, and buffer B contained 50 mM potassium phosphate, 2 mM MgCl 2 , 0.25 M NaCl, 10% glycerol, and 10 mM 2-mercaptoethanol (pH 7.8). After loading of the cell-free extract, the column was washed continuously with buffer B containing 20 mM, 50 mM, and 100 mM imidazole, the enzyme was then eluted with buffer B containing 250 mM imidazole. The elutant was concentrated with polyethylene glycol #20,000 and then dialyzed against 20 mM potassium phosphate (pH 7.8) containing 2 mM MgCl 2 , 0.25 M NaCl, 5 mM sodium citrate, 50% glycerol, and 1 mM dithiothreitol. All purified enzyme samples were stored at À35 C until use.
Results and Discussion
Growth of Azotobacter vinelandii No obvious difference was detected in the growth of A. vinelandii on Burk's nitrogen-free medium, the acetate medium, or M22 synthetic medium containing 1% sodium acetate (data not shown), suggesting that it can utilize acetate and sucrose similarly as carbon source. The maximum growth rate was observed at 37 C (0.354 h À1 ) on the acetate medium, and the bacterium grew well even at 25 C (0.29 h À1 ). Furthermore, the addition of 1-2% acetate as carbon source resulted in good growth on this medium, but higher concentrations of acetate, such as 5%, inhibited growth.
Several properties of the A. vinelandii ICL
The ICL activity in the cell-free extracts of A. vinelandii grown on various media was assayed. As reported previously, 13) despite the results for growth, no substantial activity (0.0021 unit/mg of protein at 30 C) was detected in the cells grown on Burk's nitrogen-free medium containing sucrose as carbon source, while growth on the two media containing acetate, in particular the M22 synthetic medium, caused high activity (0.081 and 0.116 unit/mg of protein at 30 C in the cells grown on the acetate and the M22 synthetic media respectively). Western blot analysis with an antibody against the C. maris purified ICL protein indicated that subfamily 3 of C. psychrerythraea ICL, but not E. coli ICL of subfamily 1, cross-reacted with the antibody as previously reported, 6, 8, 9) and that crossreactive band with a molecular mass of about 62 kDa was present at the same position as the C. maris and C. psychrerythraea ICLs in the cell-free extracts of A. vinelandii (Fig. 1) . The intensities of cross-reactive bands were consistent with the levels of ICL activity in the cell-free extracts of the cells grown on various media. Northern blot analysis revealed about 1.6 kb of positive signal in the RNAs of the cells grown on the acetate and M22 synthetic medium, but none in that growth on Burk's medium (Fig. 2) . Based on the length of the icl ORF, it was concluded that the transcript is mRNA of this gene. Unlike E. coli, 1, 4) no malate synthase and/or IDH-specific kinase/phosphatase genes were found near the ICL genes of the genome sequence of A. vinelandii strain AvOP. From these results, high ICL activities of the cells grown on media containing acetate were consistent with the increased levels of the ICL protein and mRNA, suggesting that the ICL protein is transcriptionally induced by acetate. Similar induction has been reported for several bacteria, including E. coli. 2, 6, 8, 9) In E. coli, the expression of this operon, including the ICL gene, is known to be positively and negatively regulated by a complex mechanism in which several transcriptional repressors and inducers are involved. 1) ICL can prevent the flow of isocitrate into the TCA cycle and thereby loss of carbon dioxide from acetate as a sole carbon source by IDH, indicating its importance in the efficient utilization of isocitrate in the glyoxylate cycle.
Cloning of the A. vinelandii ICL gene As described ''Materials and Methods,'' genomic PCR was carried out to clone the ICL gene of this bacterium, and about 1.6 kbp of product was obtained. This length is in accord with that of the putative A. vinelandii ICL gene. In genomic Southern hybridization, about 3.2 kbp of DNA fragment digested with BanIII hybridized with this PCR product used as a probe. Hence a genomic library was constructed with pBS carrying the similar size of BanIII-digests of the A. vinelandii genomic DNA, and was then screened with the same probe. The clone with the strongest signal was selected, and the plasmid within the clone (designated pAVicl) was purified. Amino acid residues identical to, similar to, and more similar to those of the A. vinelandii ICL (A.v.) are shown by asterisks, periods, and colons respectively. Gaps in the alignment are indicted by dashes. The amino acids involved in the binding of substrates (glyoxylate ; succinate ) and metal ions ( ), and the tetrameric assembly of the enzyme ( ) reported by the E. coli ICL. Among these, amino acids different from the E. coli ICL are shown as black letters in gray boxes. White letters in black boxes indicate the amino acids replaced by site-directed mutagenesis in this study. C.m., C. maris (accession no. for the protein database, BAB62107); C.p., C. psychrerythraea (AB174852); C.n., Capriavidas necator ICL 2 (AMA18124); A.c., Acinetobacter calcoaceticus strain ADP1 (YP 045792). P.a., putative ICL gene from the genome sequence of Pseudomonas aeruginosa strain PAO1 (NP 251324).
Nucleotide and deduced amino acid sequences of the A. vinelandii ICL gene
The nucleotide sequence of the insert DNA in pAVicl was determined. The insert contained an ORF with a full length of 1,596 bp that completely coincided with that of the putative ICL gene in the A. vinelandii strain AvOP genome sequence. Furthermore, a putative ribosomebinding site, AGGA, was found 7-10 bases upstream of the ATG codon. The ORF encodes a polypeptide of 531 amino acids with a calculated molecular mass of 59,101 Da. This value was similar to that estimated by SDS-PAGE on western blot analysis (Fig. 1) . Multiple alignments of the amino acid sequences of various bacterial ICLs (Fig. 3) indicated that AvICL showed high identities (70-80%) with subfamily 3 ICLs of various bacteria, in particular with that of Pseudomonas aeruginosa PAO1 (90% identity). This is compatible with the hypothesis of Radiers et al. 20) that A. vinelandii is phylogenetically closely related to P. aeruginosa, based on very high sequential identities between the two bacterial 16S rRNA genes (96%). On the other hand, the sequential identities with the subfamily 1 ICLs of E. coli, Mycobacterium tuberculosis, Pseudomonas fluorescence, and Pseudomonas syringae, were 19.4%, 18.7%, 18.4%, and 16.8% respectively. Therefore, it was concluded that AvICL is to be categorized into subfamily 3. On the other hand, the amino acid residues essential for the binding of substrate and metal ions and the formation of the tetrameric structure identified in ICL of E. coli [21] [22] [23] [24] [25] [26] [27] [28] [29] were also highly conserved in subfamily 3 ICLs, including AvICL.
To certify that the cloned gene codes for the ICL protein, pAVicl was transformed into the ICL-defective mutant, E. coli strain ACA421. The ICL activity in cellfree extract of the transformant grown at 25 C was 0.0051 unit/mg of protein at 30 C, while no activity was detected in that of the E. coli cells without the plasmid. Furthermore, western blot analysis revealed that the cell-free extract of the transformant contained about 62 kDa protein cross-reactive with the antibody against the C. maris ICL (data not shown). These results indicate that the cloned gene in this study encodes the ICL protein.
Properties of wild-type and mutated ICLs with the His-tag
To investigate several properties of AvICL, pHisAvWT produced by ligation of the AvICL gene ORF into pTrcHisB was transformed into E. coli strain ACA421, and the N-terminal His-tagging ICL protein was overexpressed and then purified. In addition, several replacements of amino acid residues common to two coldadapted ICLs of psychrophilic Colweria bacteria were found in highly conserved regions in other subfamily 3 ICLs, including AvICL. Among these, Glu131, Ser217, Asn374, and Lle504 of AvICL were replaced by the corresponding Ala, Ala, Asp, and Met residues of the former two enzymes by site-directed mutagenesis (black boxes in Fig. 3 ). Then the mutated AvICL gene ORFs inserted into pTrcHisB was transformed into E. coli strain ACA421 and the N-terminal His-tagging ICL proteins (designated E131A, S217A, N374D, and I504M) were overexpressed and purified. From a 1-L culture of the transformant with pTrcHisB containing the wild-type AvICL gene, about 1,000 mg of purified ICL was obtained. SDS-PAGE of the purified wild-type and mutated AvICLs revealed that they had purified to homogeneity (data not shown). The purified wild-type AvICL with His-tag showed maximum activity (3.02 unit/mg of protein) at 45 C (Fig. 4) , and the optimum pH for the activity was found to be 6.7, which is similar to that of purified C. maris ICL (pH 6.8). 5) On the other hand, Kennedy and Dilworth have reported that the optimum pH for ICL activity in the crude extract of A. vinelandii is between 7.6 and 8.0. 13) They assayed ICL activity by colorimetric measurement of the 1,5-diphenylformazan carboxylic acid formed in the oxidation of glyoxylic acid phenylhydrazone with K 3 Fe(CN) 6 , and thus different assay methods for ICL activity may be responsible for this discrepancy in the optimum pH value. Enzyme activity was completely maintained after incubation for 10 min at to 40 C, but was almost entirely lost under incubation for 5 min at 50 C (Fig. 5) . On the other hand, the optimum temperatures for the activities of the pufrified C. maris and C. psychrerythraea ICLs with His-tags are between 20 and 25 C and 25 C respectively, and the half times for thermal inactivation , wild-type; , E131A; , S217A; , N374D; , I504M. Mean values for at least three independent experiments are shown.
at 30 and 25 C are about 90 and 80 s. 7, 9) This indicates that AvICL is mesophilic.
The Ser214 residue of AvICL corresponds to the Ala residue of cold-adapted ICL of C. psychrerythraea (Fig. 3) . Satoh et al. have reported that replacement of Ala of the latter ICL by Ser resulted in improved thermostability of the activity, 9) but in the present study, only a slight decrease was observed in the thermostability of the activity under reverse replacement in AvICL, indicating that this residue of AvICL is hardly involved in this thermal property. On the other hand, the four mutated AvICL activities showed temperature dependence similar to the wild-type, but the maximum activity of I504M was observed at 40 C. Furthermore, the thermostability of the activity of the mutated ICLs, in particular of I504M, was less than that of the wildtype, and 91%, 70%, and 40% of I504M, the three other mutated and the wild-type ICL activities respectively, were lost under incubation for 1 min at 50 C. These results suggest that the Ile504 residue is involved in its thermal properties. The Ile504 residue is conserved in ICLs of mesophilic bacteria, but is replaced by Met in the cold-adapted ICLs of psychrophilic bacteria (Fig. 3) . To confirm the importance of this residue in the thermal properties of AvICL, further experiments on the Met501Ile mutants of ICLs from C. maris and C. psychrerythraea, including the CD spectra of the recombinant ICLs, are necessary. Moreover, since the Ile504 residue of the AvICL is located in the C-terminal region, this region might be involved in its mesophilic properties. Hence experiments on the chimeric enzymes between AvICL and the cold-adapted ICL of C. maris are planned to verify this possibility. Mean values for at least three independent experiments are shown. Symbols are the same as Fig. 4 . A, After incubation for 10 min at the indicated temperatures, ICL activity was assayed at the optimum temperatures of the respective enzymes. The remaining activities are relative values expressed as percentages of the enzyme activity without incubation. B, After incubation for the indicated durations at 50 C, ICL activity was assayed at the optimum temperatures for the respective enzymes.
